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MECHANICAL  CH/\RACT ERISTICS  OF  THE  HTOJAN  AIR7JAY  IN 
RSL;>TIO^TO  the  use  of  ITTE  INmRUPTER  VAIVE 

By 


Shepherd 

SCMm 

1,  Electrical  and  mechan-i.cal  analoeuer.  have  been  used  to  formuljite  hypotheses 
concerning  the  mechanical  characteristica  of  the  respiratory  tract,  and  tnese 
hypotheses  have  been  confirmed  by  examination  of  '  ’inscannei"  pressure  records 
obtained  from  the  Clements'  Valve  dui-ing  the  repetitive  interruption  of  airflow 
in  man, 

2,  At  normal  respiratory  frequencies,  impedance  is  due  mainly  to  the  sum  of 
resistance  componjnts.  Impedance  reaches  a  ninanum  at  a  frequency  of  about 
30  c/sec,  end  small  resonant  peaks  oi'e  seen  at  6.6,  18,7,  28,  and  56  c/seo, 

3,  das  inertanae  and  mouth  v/ell  oemplianoe  are  important  determinants  of  the 
rate  of  pressure  equilibration  between  the  lunf'S  and  the  mouth. 

ii.  Doi-iping  is  normally  less  than  critical.  The  secondary  rise  of  pressure 
seen  after  flow  interruption  is  due  to  continuing  mo\ement  of  the  diaphragm 
ccapressing  the  lung  gas  volume  against  a  tense  chest  wall, 

5,  If  odrway  resistance  is  increased,  damping  may  exceed  the  critical  value, 
and  90?^  pressure  equilibration  ne.y  occupy  100  m.SRc, 

6.  These  findings  are  considered  in  relation  to  the  use  of  the  Clements’ 
interrupter  valve.  The  importance  of  e  relaxed  chest  v/all  during  the  test  is 
emphasized.  Owing  to  the  continuing  action  of  the  diaphragm,  the  pressure 
iriiuiediately  following'  interruption  norncdly  gives  the  best  estimate  of  air’.vaj’’ 
resistance;  h'  wever,  v/hcre  equilibration  is  slow,  a  late  pressure  is  preferable. 
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The  ’’soanning"  zone  of  the  Cleiaent's  interrupter  valve  represents  one 
conpronise  between  these  two  conflicting  requirenents;  the  possibility 
of  speeding  pressure  equilibration  by  addition  of  an  externa],  inertance 
has  yet  to  be  exjiloited. 


(Sgd.)  C.  Lovatt  Evans, 
Head  Physiology  Section, 


RJS/H,iF. 


(Sgd.)  V/.S.S.  Laden, 
Assis'i-arit  Dii-ector(Hedical) , 
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MECHANTCAI.  CKARACTBRISTICS  OF  THE  EMM  AIRWAY  IN 
RELATION  TO  THE  USE  OF  THE  INTERRUPTER  VALVE. 


By 


R.J.  Shepherd 


INTRODLCTION 

One  of  the  earliest,  and  often  the  only  clear  syniptou  that  results 
froa  nild  or  noderate  respiratory  exi)osure  to  an  anticholinesterase  vapour 
is  the  sensation  of  "tightness  in  the  chest".  This  syniptcn  is  linked,  at 
least  in  some  degree,  vrlth  "bronchoapasu",  and  nethods  of  neasuring  the 
increase  of  airway  resistance  follov;ing  inhalation  of  an  entiuhollnesterase 
thus  offer  one  possible  sinple  approach  co  the  quantitation  of  respiratory 
exposure. 

The  ncthod  of  airway  interruption  has  been  applied  to  the  clinical 
neasurenent  of  bronchospasn  for  noro  than  30  years  (1).  It  is  a  convenient 
technique  for  applied  physiological  v;ork,  since  the  apparatus  can  be  quite 
portable  (2),  and  little  co-operation  is  required  frou  the  subject.  A  fora 
of  interrupter  valve  deaelcped  by  Clenerts  (3,  k  and  Appendix  l)  and  loaned 
to  this  Establishuont  for  trial  tlirough  stindardizatj-on  channels  has  been 
used  to  follow  changes  in  airway  resistance  produced  by  inlmlation  of  GB 
(3,  5)  and  CS  (6).  However,  the  accuracy  of  the  results  obtained  has  boon 
questioned,  and  some  have  even  stated  that  bronchospasa  could  be  detected 
equally  well  by  "the  tossing  of  a  coin"  (7/.  Our  data  v;ould  not  support 
such  a  categorical  rejection  of  the  method,  but  a  considerable  vai’iation  in 
the  results  v/as  found  both  for  a  given  subject,  and  fron  one  noiual  subject 
to  another. 

Three  assumptions  are  made  when  the  interrupter  valve  is  used  to  measure 
ainvay  resistance: 

(l )  the  pressure  gradient  from  chest  to  valve,  prior  to  interruption, 
is  the  simple  resultant  of  cor.ponents  due  to  lung  tissue,  airway, 
and  valve  resistance. 
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(2)  following  interruption,  nouth  and  cheat  pressures  are 
rapidly  equalized} 

(3)  ohest  pressures  remain  essentially  unaltered  during  the 
course  of  equilibration. 

The  airway  system  has  an  inpedanoo  that  is  the  resultant  of  many 
independent  paratiioters,  resistance,  oa.ipiiance,  and  inerteince,  ai’ranged 
both  in  series  and  in  pai'allel,  and  to  study  the  validity  of  the  above 
assumptions,  it  is  convenient  to  represent  this  complex  system  by  appropriate 
eleotrical  and  mechanical  analogues. 

In  the  present  paper,  findings  from  two  such  analoguos  are  aiiplied  to  the 
interpretation  of  Cloments*  interrupter  valve  tracings,  both  scanned  (rof.iV 
and  Appendix  l)  and  iinscanned.  The  nomal  range  of  values  is  defined,  and 
the  effect  of  deliberate  variations  in  chest  and  upper  airway  compliance,  ges 
inertanoe,  and  upper  airway  resistance  examined.  When  airwaj'  resistance  is 
normal,  the  basic  afsumptions  of  the  method  aje  substantia] 2y  valid,  and  the 
unscanned  pressure  immediately  following  intonmiption  gives  the  best  estimate 
of  both  airway  resistance  and  also  of  an  addea  external  resistance,  Kot-'ever, 
when  airv/ay  resistance  is  increased,  equilibration  is  slov/ed,  and  the  final 
press  ore  reading  Is  appreciably  roducei  by  nouth  compliance.  In  these 
oircumstar.ces,  the  ‘‘scanned”  pressure  has  greater  validity  than  the  unsornned 
pressui-e,  but  noicner  method  can  give  a  fully  quantitative  measure  of  air.7£iy 
resistance, 

THEORETICAL 

Changes  of  intra- thoracic  pressure  during  equilibration 

Several  factors  may  affect  inti  athoraoic  pressure  follovring  interrupt.’ on 
cf  airflow  at  the  nouth.  It  is  convenient  to  er.acine  these  footers  theoretically 
before  considering  use  of  the  analogues,  and  of  the  valve  in  man, 

(a)  Continued  respiratory  novemont.  It  is  assumed  that  a  steady  movement 
cf  0,5  l/sBo  ia  naintoined  by  the  diaphragm  during  the  50  u.sec,  of  flow 
inberruption  chcuracteristic  of  the  Clements  valve;  in  essence,  a  closed  systan 
is  conprossod  by  25  ml.  Acting  against  the  compliance  of  lung  gas  alone 
(~C,004  l/of'»H20),  this  T;ould  increase  intrc.-thorsuric  pressure  by  mere  than 
6  cn.HpO;  acting  against  the  compliance  of  tnc  relaxed  chest  wall  (  ~ 0.200 
!l/ct^»H20),  the  prcssui’o  rise  would  be  only  0,13  cm,H20,  In  practice,  continued 
re^iratory  uovemont  produces  a  slov/  rise  of  pressure  to  a  level  betv/oen  these 
extremes  determined  by  the  extent  of  chest  relaxation, 
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(b)  Gas  Inert anoe.  Daring  closure  of  the  Clenents*  valve,  flow 

falls  frou  0.5  l/s®©  "to  zero  In  about  12  la.sec,  Assuning  a  gas  inertance 
of  0,0l  oa,H20/l/sec(8),  the  pressure  within  the  airr/ay  would  rise  inmediately 
by  sone  0,4  on.HgO,  However,  the  volune  of  gas  In  which  this  pressure  is 
developed  (l50  -  iCO  nl)  of  dead  space  gas)  is  snail,  and  although  inertance 
contributes  to  the  first  oscillation  of  nouth  pleasure,  it  has  a  negligible 
influence  on  the  final  equilibriun  pressure. 

(o)  Mouth  conplianoo.  During  equilibration,  the  nouth  corpliance 
nust  "charge*'  to  the  suae  pressure  as  the  alveolar  gas  volune.  Mouth 
oonpliance  is  rornally  about  a  quarter  of  lung  gas  conplitmce  (4),  so  that 
this  factor  reduces  equilibriun  pressure  by  sone  20J?;  in  absolute  units,  the 
effect  of  nouth  conpliance  is  nuch  greater  when  airway  resistance  is  increased. 

fhe  overall  effect  of  these  three  factois  is  such  that  in  subjects  with 
a  normal  ainvay  resistance,  the  equilibrium  pressure  is  a  little  less  than 
the  initial  gradient  duo  to  the  sun  of  airriay  and  lung  tissue  resistance, 
Hov/ever,  where  airway  resistance  is  increased,  the  equilibriun  pressure  tends 
to  bo  considerably  loss  than  the  initial  pressure  gradient,  except  in  subjects 
with  a  tense  cheat. 

METHODS 

1 •  Eloovrical  analogue  of  che  respiratory  systen 

The  physiological  components  of  the  systen,  and  their  approxinato 
electrical  and  mechanical  equivalents  are  suouarizod  in  Table  1 ,  In  the 
electrical  circuit  (Pig.i ),  viscous  rosistances  wore  represented  by  electrical 
resistances  (scale  1  cn,H20/*l/s®c  at  a  flow  of  0.5  l/*;ec  =  1  X  ohn),  conplianoes 
were  represented  by  capacitances  (sdale  0,001  l/cn.HpO  =  1  pP),  and  inei'tsc.ces 
by  inductances  (scale  0,001  cu.HgO/j/soo'^  =  1  il), 

(a)  Impedance  to  normal  respiration.  During  normal  respiration,  the 
nain  forces  arc  generated  by  the  diaphragm;  however,  the  chest  musc2es  are 
usually  sufficiently  active  to  avoid  paradoxical  movement  (that  is,  the 
compliance  of  the  chest  wall  approaches  zero  during  respiratory  activity). 

This  situation  was  represented  in  the  electrical  model  by  disconneoting  tissue 
conpliance  Cq  from  tissue  resistance  Rp,  and  attaching  a  high  output  impedance 
sine --wave  oscillator  (Ediswan  R,66b)  to  incut  1  ("external"  to  R_),  Respiration 
through  the  resistance  of  the  open  interrupter  valvo  R^  was  simulated  by 
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connecting  Rg  to  earth  through  the  svdtch  . 

The  impedance  Z  of  the  analogue  was  determined  by  oscilloscope,  voltages 
being  measured  across  the  analogue  +  small  known  resistance  Rjj(V^),and  across 
the  analogue  alone  (Vp): 


Z 


Input  1  R. 


-p“v\vvvV— ^ 


High  output  inpedanco  Sine-v/ave 

oscillator 


V2 


V1 


The  ratio  of  peak  to  peak  voltages  ^  was  proportional  to  the  ratio  R»'Z, 

and  the  impedance  of  the  analogue  v/as  thus  given  by  Rx»Va/(V-j  -  V2).  Resonant 
frequencies  were  determined  by  slowly  varying  the  frequency  of  oscillation  until 
"beats”  T/ere  suppressed,  Lissajou  patterns  were  plotted  by  minimising  and 
plotting  -  V2  end  V2  on  the  two  axes  of  the  cathode  ray  screen. 

(b)  Response  to  interruption  of  flow,  (i)  Step  change  of  flow,  A 
"perfect"  intenrupter  valve  ould  gfve  rise  to  an  insteuitaneous  interimption  if 
e  steady  flow.  It  was  not  possible  to  simulate  this  situation  using  the  entire 
electrical  analogue,  since  the  component  representing  lung  conqpliance  (C’.)  would 
not  transmit  a  steady  flew.  However,  to  a  first  approximation,  lung  pressures 
are  not  altered  by  flow  inpenraptior  (9);  thus  for  the  purpose  of  studying 
equilibration  rates  and  lamping,  a  constant  voltage  d,c,  potential  could  be 
applied  to  the  lung  gas  compliance  (input  2  of  Pig.1 ),  and  interruption  of  flow 
simulated  by  opening  switch  S^,  T.’.e  "mouth"  pressure  (potential)  during 

equilibration  was  observed  on  an  oscilloscope,  and  also  recorded  on  a  high  speed 
pen  oscillograph  (limiting  frequency  response  90  c/soc),  (ii)  Use  of  Clement’s 
vaJve,  The  Clement's  valve  takes  12  n,sec,  to  complete  the  irterruption  of 
airflow.  The  electrical  analogue  was  arrange  as  for  (i),  except  that  was 
kept  closed,  ana  the  external  resistance  v;as  increased  frem  6,8  to  100  K  ohms 
over  the  space  of  12  m,3ec,,  using  a  potentiometer  operated  by  a  suitable  can, 

2,  Mechanical  analogue  of  respiratory  system 

The  mechanical  analogue  is  shown  in  Fig. 2,  It  differed  from  the  electrical 
analogue  in  two  main  respects: 

(i)  non-linear  resistances  were  used,  and 
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(ii)  continuing  respiratory  novonont  during  interruption  of 
flow  was  slQulated  by  a  steady  Input  of  air  (0.5  I/b^o) 
into  the  large  tank  (109  1*  voluae)  representing  lung  gas, 
lung  tissue,  and  chest  wall  oonpllanoe. 

The  airway  was  represented  by  a  rigid  tube  of  50  on  length  and  5  on^ 
oross'seotion,  leading  froa  the  "lungs"  to  the  Intennipter  valve.  This 
provided  adequate  representation  of  the  Inertanoe  and  oapaoltanoe  of  gas 
In  the  alrwiy;  airway  resistance  was  supplenented  by  on  orifice  Ra  (2  -  8  on 
diameter  orifices  used  in  different  e:qperiments)« 

The  mouth  was  shown  as  a  snail  branch  ohonnel  neor  the  pressure  t(:q>ping, 
leading  through  a  7  on  orifice  Rn  (mouth  tissue  resistance)  to  a  rigid  vescol 
of  1  1.  capacity  (mouth  gas  oopaoitrnce  and  tlssUw>  cooplionce). 

"Mouth"  pressures  during  equilibration  were  recorded  from  a  piezometer 
ring,  using  a  oapaoltanoe  manometer  and  pen  oscillograph  (with  alternative 
display  on  a  cathode  ray  osoillogreph). 

In  some  experiments,  the  Interrupter  valve  was  set  in  the  open  position, 
and  "step"  interruptions  of  flow  wore  obtained  by  rapid  rotation  of  a  tap. 

In  other  e]q)erlments,  the  Clements'  valve  was  driven  at  the  standard  rate 
(interruption  of  flow  over  course  of  "'12  ajs9o)t 
3»  Human  experiments 

(a)  Normal  values.  The  airway  resistance  of  132  healthy  servicemen, 
aged  17  -  42  yi,  was  measux’ed  by  moons  of  the  Clements'  interrupter  valve, 
using  the  standard  "scanning"  ports,  with  independent  measurement  of  flow 
€Uid  interzniptlon  prossuies  (Appendix  l). 

The  standord  procedure,  followed  by  all  subjects,  consisted  of  n  serins 
of  practice  runs  until  the  subject  was  able  to  molntoln  a  flow  of  0.5  l/seo 
(to  within  ^  10^)  throughout  eiqpiratlon.  Ten  maximal  e]q>lratlon8  were  then 
made  at  the  standard  rate,  with  intervals  of  30  sec  between  successive  tests. 

The  airway  resistance  was  calculated  from  the  steady  values  of  Pp  oiid  Pj 
during  the  middle  third  ot  oaoh  expiration. 

In  some  subjects,  additional  tests  of  resistance  were  made  during  short 
expirations  following  a  normal  inspiration,  and  in  others,  the  airway  resistance 
was  calculated  for  the  middle  third  of  a  steady  moxlaal  Inspiration. 
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(b)  **Unsoanned"  Interrupter  valve  rooords.  The  ''scanning'’  ports 
of  the  CloDents'  valve  wore  closed,  and  p.  continuous  pressure  record  obtained 
frou  a  piezonoter  ring  (Appendix  l), 

Unsoanned  records  were  obte3.ned  during  naxinal  expiration  at  0,5  l/seo 
(10  observations  on  each  of  13  subjects and  at  1,0  l/seo  (l0  observations 
on  each  of  10  subjects).  Records  v/ore  also  obtained  during  naxiaal  inspiration 
(l,0  l/seo,  10  subjects),  ard  during  breathing  thi’ough  an  external  resistance , 

In  3  subjects  experienced  in  respiratory  nnnoeuvros,  the  pattern  of  the 
records  was  studied  before  and  after  deliberate  nodifications  in  the  nechanical 
properties  of  the  systen.  Those  included: 

(i)  decrease  of  chest  wsJ.1  conplicnce  (delibex’ato  tonsing  of  chest 
muscles), 

^ii)  increase  of  p.irvvay  resistance  (deliberate  constriction  of  glottis), 
(iii)  changes  of  ainvay  gas  inortance  (breathing  of  mixtures  containing 
80jS  helium  or  80^  sulphur  hexafluoride,  and  lengthening  of  dead 
space  betv/eon  mouth  and  valve), 

(iv)  ircreasfc  of  mouth  compliance  (l  1,  bottle  arranged  as  "shunt" 
in  parallel  with  Acutjh  conplirnvo). 

The  effect  of  (iii)  was  also  oxnrdned  in  two  elderly  subjects  with  chronic 
bronchitis, 

(o)  Estimation  of  external  resistance.  After  the  control  value  for 
airway  resistauce  (Ry^)  ^^ad  been  det-'mined  from  both  scanned  and  unsctinhcd 
records,  an  orifice  with  flow  exponent  similar  to  that  for  the  respiratory  tract 
(n  =  1,6  -  1,7*)  was  interposed  between  the  mouthpiece  and  the  interrupter  vedve, 
and  the  total  rosistomoc  (Rij)  determined.  The  external  resistance  Rjj  v/as  then 
calculated  as  the  difference  between  those  tv;o  values  (Pp  -  Ra)*  Assurming  that 
is  not  altered  by  a  small  a.dditional  external  resistance,  the  accuracy  with 
which  Rg  is  estimated  provides  a  check  on  the  success  v/ith  v:hich  the  method  is 
measuring  the  resistance  between  lung  and  valve. 


•Ir  the  respiratory  tract, the  relationship  between  pressure  P  and  flow  dv/dt  caii- 
not  bo  described  by  a  single  resistance  constant  R  applicable  to  all  flov/  rates. 
Resistance  nay  bo  described  by  two  constants  R^  and  ,  thus: 

dv  /  dv^^ 

over  a  limited  and  specified  range  of  fiov^s  F,  this  may  be  simplified  to  a  singl' 
resistance  coefficient  R  and  a  flow  exponent  n,  thus  P  =  RF^*^^ 

In  nan,  at  flovrs  of  0,5  -  2,5  l/soo,  n  =  1,6  -  1,7  (ref, 3) 
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RESULTS 

1 ,  Using  electrioal  analo^e  cf  respiratory  aystoa 

(a)  Inpedance  to  respiratory  Under  conditions  of  steady  flow,  the 

pressure  gradient  from  ohost  to  interrupter  valve  nust  be  the  sinple  resultant 
of  resistance  oonpononts  due  to  lung  missus,  airway,  and  valve  resistance. 

The  extent  to  which  this  conclusion  nust  bo  modified  under  the  phasic  conditions 
of  respiiatory  flow  has  been  investigated  by  means  of  tho  elootrioal  analogue 
and  by  conplox  analysis  of  the  equivalent  electrical  circuit  (Table  2  and 
Appendix  II),  At  nonial  respiratory  frequencies  (0,25  -  1«0  e/aoo),  calculations 
predicted  that  che  total  sine-wavo  inpodanco  £Z  v/ould  bo  a  little  greater  than 
the  sun  of  the  resistance  conpononts.  There  was  also  a  noderato  phase  shift; 
detailed  study  of  tho  conplox  analysis  showed  that  this  was  attributable  neinly 
to  lung  oonpliance  at  a  frequency  of  0,25  c/soc,  end  nainly  to  lung  gas  conpliance 
at  1  c/sec.  As  the  frequency  was  further  increased,  tissue  inertance  beuane 
progressively  uoro  important  ac  e.  douerninant  ox*  tho  o/orall  propox'tios  of  uhe 
systen,  ar^d  this  conponont  was  responsible  for  the  largo  positive  phase  angle 
at  100  c/soc. 

Exporinentally  deter  linod  values  for  tho  inpodanco  of  tho  analogue  (Pig, 3) 
agreed  with  the  results  of  caiplex  analysis,  within  the  linitations  inposod  by 
the  electrioal  corrpononts.  At  both  nomal  and  high  ainvay  resistance  settings, 
impodanoo  declined  from  a  figure  close  to  the  sum  of  resistance  components  at 
normal  respiratory  frequencios  to  a  mininun  at  about  30  c/sec.  With  an  airway 
resistance  setting  of  1  ,fK,  rosonanco  pcalcc  wore  soon  at  6,6  c/sec,  l6,7  c/sec, 

28  c/sGc,  and  56  c/sec;  with  tho  airway  resistance  setting  increased  to  15K, 
only  slight  displacoi ;otit  of  those  peaks  occuricd  (resonant  frequencies  6,5,  l6,3, 
30,2,  52,  99  c/  sec).  The  irnpedtinco  at  resonant  frequencies  differed  only  slightly 
froi.1  uhat  at  non-rcsonont  frequencies,  suggesting  that  the  systen  v/as  alncst 
critically  damped,  Lissajou  patterns  showed  that  under  normal  conditions 
"pressure"  (voltage)  and  "flow"  (current)  applied  at  the  "chest"  (input  1)  were 
in  phase  at  a  frequency  of  ~25  c/sec.  The  frequency  for  ninir.iun  area  of  the 
Lissajou  pattern  \ms  not  materially  altered  by  largo  changes  of  Ra,  On,  and  Rq, 
but  v;as  increased  by  a  decrease  of  cither  lung  gas  oomplianco  or  lung  tissue 
inert once; 
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Frequency  for  ninimuu  area 
of  Llasajou  pattern. 


(a) 

nornal  settings 

25*2  c/sec 

(b) 

Cg  s  2pF(nomalIy  ifpF) 

36,0  o/sec 

(0) 

Li  =  5H  (nornally  1CH) 

34«0  c/sec 

(b) 

Response  to  interruption  of  flow. 

(i)  Stop  change  of  flow. 

With  a  constant  d.o.  potential  coupled  to  lunfc,  gas  ooDpliance  Gg  (input  ? 
of  Flg.l),  the  sudden  tnteiruption  of  flon7  by  opening  of  svri‘'  ch  S^  reduced 
the  analogue  to  a  slnple  series  RCL  circuit. 

The  dacqjing  ratio  d  (see  appendix  III)  for  such  a  circuit  nay  be  calculated 
quite  sinply  (d  =  f  ^|^)»  and  a  90?«  equilibration  tine  noy  also  bo  derived  on 
theoretical  grounds  (Table  3)}  the  latter  applies  to  recovery  fron  a  siaplo 
constraint,  and  does  not  take  account  of  the  fact  that  "gas”  is  already  flowing 
through  the  main  inortance  of  the  circuit  prio'"  to  interruption.  The  9(^o 
equilibration  txnos  are  thus  it.  practice  shorter  than  the  theoretical  prediction. 
The  response  of  the  analogue  is  illustrated  in  Pig, 4.  Danping  was  nornally 
equal  to  or  slightly  in  oxcoaS  of  critical,  with  a  90^  response  tine  of  about 
1C  n.sec  (Pig.lfa),  If  nouth  conplionce  or  nouth  tissue  resistance  v/as  rt'ducod 
(Fig,l(.b),  the  syster  bccano  underdanped,  and  interruption  of  flow  gave  ri".c  to 
an  innodiato  chain  of  oscillations  (90?5  ro.^ponso  title  effectively  soro).  On  the 
other  hand,  equilibration  v/as  progrecsivoly  slov/^d  by  increase  of  airway  resistanoe 
(Plg.Hc)  or  uouth  conplianco  (Fig.4d).  (ii)  Use  of  interrupter  valve  can.  The 
results  wore  essentially  similar  when  flow  was  intorrupted  by  the  can  shaped  to 
simulato  the  interrupter  valve,  Th.i  syctou  was  normally  close  to  critical 
damping.  With  a  low  nouth  resistance,  the  system  becatio  underdampod,  and  with  a 
noma}  nouth  resistance  and  Increased  airway  resistance  (l5K),  equilibration  was 
not  completed  within  the  period  of  interruption.  Both  v/ith  norral  and  increased 
airway  resistance,  damping  was  increased  by  an  increase  of  nouth  conpliance, 

2.  Using  neohanical  tinalogue  of  respiratory  system 

Experiments  relating  to  the  rate  of  equilibration  folloi/ing  interruption  of 
flow  were  repeated  on  the  mechanical  analogue,  to  examine  tho  effect  of  replacing 
linear  by  non-iineexr  resistors. 
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(i)  "Step"  Interruption  of  flng«  The  observed  damping  ratios  (calculated 

from  the  second  and  third  half  waves  of  the  osoillption)  or  $Cfe  equilibration 
times  (where  damping  > critical)  are  shown  in  Table  4.  Interpolating  from  this 
table,  it  may  bo  concluded  that  with  a  combined  mouth  and  airway  resistance  of 
6,5  on  H2O/V8O0  as  in  normal  man  (airway  orifice  6  -  7  mm  diameter),  the 
damping  of  the  mechanical  analogue  was  no  mere  than  0.23  critic el.  At  a 

similar  setting.  It  was  calculated  that  the  electrical  analogue  was  oiitically 
damped, 

(ii)  Use  of  interrupter  valvo.  Results  wore  similar  to  those  obtained  with 

a  "Step”  interruption  of  flow.  At  normal  settings,  daiaping  v/as  ~0,25  critical, 
and  the  transition  bo  damping  in  excess  of  critical  did  not  occur  until  the 
diameter  of  the  airway  orifice  Rq,  was  reduced  to  4  -  5  cm, 

3,  human  experiments 

(a)  Normal  values  for  Clements  interrupter  valve 

(i)  Inten^retation  of  records.  Pressures  do /eloped  at  the  intoi*ruption 
pressure  and  flow  pressure  tappings  of  the  Clements  valvo  are  oomiionly  recorded 
by  low  frequency  gauges,  Uaing  a  high  frequency  recording  system,  oscillations 
can  bo  seen  in  both  interruption  and  flow  pressure  tracings  (Pig,5).  These  are 
of  dilferont  etio?.ogy  to  the  oscillations  discussed  above,  and  reflect  lo'Jcage 
between  the  pressure  tappings  uid  tho  body  of  the  valve,*  Since  the  flow 
pressure  tapping  was  operating  below  mean  val-^o  pressure,  and  tho  intorrupticn 
pressure  tapping  was  operating  coovo  moan  valve  pressure,  the  minima  of  tho 
"flow"  tracing,  and  tho  maxima  of  tho  interruption  pressure  tracing  wore  usod 
in  tho  calculation  of  pulnorory  resistance.  If  low  fT'cquency  gauges  had  been 
usod,  tho  apparent  intormption  prosi/Urt  would  have  been  4  -  5  no  lower, 
a:id  tho  epp/cont  flo'.;  rate  2-3  l/tin  higher, 

(ii)  Distribution  of  normal  values,  Airv/ay  resistance,  measured  during  a 

steady  uaximel  expiration  at  approximately  0,3  I/buo,  shov/ed  a  slightly  skewed 
distribution  (Fig, 6),  The  moon  voluo  was  2.60  cm  HgO/l/soc*  with  a  standard 
deviation  of  0,98  on  H.^O/j/soc,  and  1^132  apparently  healthy  subjects  yielded 
values  greater  than  4  cm  SKiO,  Tho  moan  standard  deviation  of  10  successive 

moasuromonts  on  the  sane  subject  was  0,8l  *  0,40  on  (ocefficient  of 

variation  33.1  ±16.9??). 

•Leakage  of  a  similar  order  was  found  in  two  samples  of  the  valvo,  oven  after 
oaroful  greasing. 
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(lii)  Repetition  of  the  test.  Obaoi^ationa  repeated  at  i  ain  intervals 
renained  constant  (Table  5)«  Thoro  was  no  build-up  of  airv/ay  rosistanoe 
with  repetition  of  the  tost, 

(iv)  Lenf;th  of  expiration.  Conpardson  of  uoasuroaents  nade  during  a 

short  expiration  following  a  normal  inspiration  with  the  standard  uaxlnal 
expiration  technique  shov/ed  that  the  *'phort-puff  ’  resulted  in  a  lower 
Value  for  airway  resistance  than  tho  standard  technique  (  S.E.  in  10 
subjects  0,5u  +  0,20  on  HgO/Vaoc'’),  Tho  ooofficient  of  variation  wqs 
narginally  greater  than  v/ith  naxinal  expiration  (C,V,  for  10  subjects  31  •l^* 
oonpared  with  for  tho  standard  technique  on  this  groiqp  of  subjects), 

(v)  Inspiratory  tests.  In  9  normal  subjects  tho  airaay  rosistanoe  during 

a  standard  najcinal  expiration  was  conparod  with  the  resistance  neasured  during 
a  stoaiy  naxinal  Inspiration  at  tho  sane  rate  (Table  6),  In  3  subjects  tho 
resistance  was  significantly  greater  during  inspiration  than  during  expiration, 
in  2  it  was  sigrtifioantly  loss,  and  in  tho  ronair.ing  L  there  was  no  difference, 

(b )  Unspanned  records  fron  Clenents*  interrupter  valve 
(i)  Fern  of  tracing.  Tho  unscanned  type  of  record  is  necessary  to  study  the 
rate  of  pressure  equilibration  at  tho  nouth  following  rapid  repetitive  interruption 
of  airflow.  The  pattern  of  tracing  observed  usually  conformed  with  that  described 
by  earlier  authors  (lO)  -  a  sudden  rise  of  pressure  at  interruption,  an  underdaxupe-'. 
osoillation,  and  a  secondary  phase  of  progressively  increasing  pressure  (Pig. 7). 
Comparing  inspiratory  and  expiratory  records,  damping  was  nuch  greater  during 
expiration  than  during  inspiration;  fuithernorc,  as  tho  last  500  -  lOOO  nl  of 
gis  were  expelled  from  tho  chest  (final  1-2  sec  of  expiration),  the  secondery 
phase  of  increasing  pressure  often  beoanc  very  pronounced.  In  the  oxanplc  of 
Fig, 7  (a  norr..i.l  sabjcct),  the  pressmo  50  n.scc  after  interruption  was  35  ^  40  m 
HgC,  cenpared  with  15  -  20  ou  HgO  in  the  first  few  n.sec  after  intciuuption  of 
flow.  Damping  ratios*  for  a  group  of  9  normal  subjects  are  given  in  Tabic  6; 
in  general,  the  records  v/oro  underdempod  during  both  inspiration  and  expiration 
and  the  observed  values  lay  bctvvoen  ratios  predicted  fron  tho  electrical  analogue 
(linear  resistors)  and  the  mechanical  analogue  (non-linear  resistors). 


•Hero  calculated  fro.  the  logarithmic  decrement  ratio,  soo  Appendix  III, 
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(ii)  Modification  of  traoin^.  Tho  form  of  tho  tracing,  and  in  partioulax 
the  degree  of  damping  could  be  nodifiod  by  uany  of  the  procedures  producing 
sinilar  effects  in  the  oiectriceJ.  and  ncohanical  analogues.  In  normal 
subjects,  the  degree  of  damping  could  be  increased  and  equilibration  of  pressures 
slowed  by  voluntary  narrovfing  of  tho  glottis,  and  an  even  more  narked  picture 
of  delayed  equilibration  was  soon  ia  tho  two  subjects  where  alrv;ay  resistance 
was  increased  by  chronic  bronchitis  (Fig,8d,  cf,  nornal  Pig, 8a),  The 
interposition  of  added  gas  inortanco  betv/cen  tho  nouth  and  tho  valve  (a  50  cm 
length  of  5  on  cross-section  rigid  walled  tube)  narkodly  decreased  damping; 
in  nornal  subjects,  violent  oscillations  were  seen  (Fig,  3b),  and  damping  was 
less  than  critical  oven  when  the  glottis  \;as  deliberately  naiT0V7ed  to  increase 
airway  resistance  (Pig, 8c) «  Even  in  the  patients  with  greatly  increased  airway 

resistance,  presavu'e  equilibration  became  possible  during  tho  period  of  airflow 
interruption  (Pig.Se),  A  similar  decrease  of  damping  could  be  produced  vdthout 
increasing  tho  external  dead  space  if  a  few  breaths  of  a  very  dens  )  gas  mixture 
(SOJo  SPg,  20^  oxygon)  were.-  breathed  ii-inodiately  before  the  tost;  conversely,  a 
few  breaths  of  a  low  density  mixture  (SQ^  helium,  2Cfo  oxygon)  caused  datiping  in 
excess  of  critical  even  in  normal  sub j acts,  Daiiping  was  also  increased  by 
adding  an  external  shunt  compliance  (glass  vessel  of  1  1,  capacity);  tho  effect 
was  greatest  when  this  was  linked  to  the  external  dead  space  via  a  narrow  orifice. 

Tho  importance  of  a  relaxed  chest  wall  to  the  constancy  of  chest  pressure 
after  inteiruption  has  already  been  noted  theoretically.  This  point  v'as  tested 
experimentally  in  throe  subjects  experienced  in  respiratory  manoeuvres. 

Expiration  v/as  commenced  with  tho  chest  v/all  held  tense,  and  at  a  given  signal 
the  chest  muscles  wore  relaxed,  expiration  beirg  maintained  by  the  abdominal 
muscles  alone.  When  the  chest  muscles  vere  relaxed,  tho  record  showed  little 
secondary  rise  of  pressure  (Pig.  9),  but  when  tho  chest  v/all  was  tensed,  pressures 
rose  by  20  -  JO  mm  HgO  during  the  interrupted  phase  of  the  valve  cycle,  cjid  the 
pressure  over  the  "soanning"  period  (17  -  35  u.sec  after  interruption  of  flov/) 

T/as  correspondingly  too  high. 
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Pron  the  foregoing,  a  si.ou  rise  of  presaure  after  interruption  of  flov/ 
may  be  duo  to  either  delay  in  equilibration  or  continued  respiratory  movement 
against  a  tense  cheat  wall;  however,  tho  first  is  reduced  or  abolished  by  an 
added  external  inortanoo,  whereas  tho  second  la  unaffected  by  this  manoeuvre. 

(iii)  Magnitude  of  "unspanned**  resietanoc.  The  method  of  caloalating  airrroy 
resistance  from  the  unspanned  pressure  records  was  that  of  Otis  et  al.  (10),  tho 
interruption  pressure  boing  found  by  extrapolation  of  tho  "plateau"  following 
tho  oscillations  back  \o  the  instant  of  flow  interruption.  This  method  is 
valid  in  normal  subjects,  where  the  tracing  is  underdampei,  but  would  givo  an 
erroneous  answer  in  subjects  where  equilibration  was  clov;ed  (as  in  Fig,8d)« 
Comparison  with  the  resistance  calculated  from  standard  "scanned"  records  in 
13  subjects  showed  a  significant  discrepsuicy,  tho  aoan"unsconned"  value  for 
this  group  boing  2,41,  S,D.  +  1,04  cm  HgO/Vs^sc,  and  the  mean  "scanned" 

value  3,36,  S,D,  +  1,30  cm  H.Ji/l/aoo  (A  +  S.E,  0,S»5  +  0,27  cm  HgO/Vseo, 

0,01  >P>  0,001),  In  6  of  tho  13  subjects,  th)  "scanned"  measurements  indicated 
a  rather  high  ainvay  resistance  (  >3»5  cm  HpO/l/sco);  in  5  of  these  6’,  the 
apparent  high  resistance  was  an  artefact  due  to  a  secondary  rise  of  preasurc 
following  irtorruptici.  of  flow,  and  Jic  high  resistance  was  not  confirm-cd  by 
"unsetnned"  measuro:;ients, 

Tho  average  coefficient  of  variation  of  10  consecutive  "unscanned"  vjadings 
on  the  sane  subject  was  1C,9  +  3, 2^*  The  corresponding  coefficient  for  "scanned" 
readings  on  tho  same  group  of  saojccts  v/as  22,2  ^  ll.^ifj. 

(iv)  Effect  of  lung  volume.  Various  laboratories  making  scanned  noasurements 
v.dth  tho  Clements  valve  have  reported  a  .''argo  effect  of  lung  vclune  on  the 
calculated  airway  resistance  (2,  il),  paidioulorly  during  the  3ast  5OO  -  1000  ml 
of  expiraticr.  To  examine  how  far  this  effect  was  duo  simp^y^  to  tensing  of 
the  chest  muscles  at  tho  end  of  expiration,  the  analysis  was  repeated  using 
"unf canned"  records.  An  effect  of  lung  volume  was  still  observed,  but 
resistance  rose  much  loss  steeply  than  v/ith  the  "scanned"  moasurenento  during  tho 
toiminal  port  of  expiration  (Pig.lO), 
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(o)  Efitiniation  of  external 

(i)  I»uiln/^  eTq'jiratloii.  In  the  I'irut  series  of  13  subjects,  " scanned" 
noasuver-ients  of  total  roeistance  vrero  nade  before  and  after  introduction 
of  resistances  of  2,  G,  arid  ?.Q  cu  H,,0/l/aec,  vd.th  a  steady  expiratory  flow 
of  0,5  Vseo,  The  respootive  eatinates  of  exLornal  roaistanoo  fi-ou  those 
figures  were  0,8,  4*6  and  10t,2  ca  Kj,o/Veoc. 

In  a  Eooond  series  of  13  .subjects,  both  ocenned  and  unscanned  aeaaurenents 
were  nade  at  a  steady  expiratory  flow  of  0,5  using  an  extornal  reriatance 

of  3»9  on  HgO/l/sec;  the  rvespecti-vo  ostinates  of  this  resisianoo  were  2.35, 

£cEo  +  0*66  and  2.82,  S.E.  i|;  0^41  cn  HgO/l/s-c  by  the  two  toohniques, 

A  final  series  of  10  subjoota  wore  tested  at  a  nore  rapid  flow  rate 
(l  using  an  orifice  with  a  resistance  of  7.1  an  H20/2/aeo  at  ihi-3 

f3.ow  rate,  the  respective  rstinatea  were  5.3'-,  S.E.  +  0*50  cn  (scanaed) 

ai'id  7*55,  S,E.  +  0*26  on  HgO/Vaeo  (uusosiuiert  neaaurenents), 

(ii)  luring  inspiration.  In  10  subjects,  uiis canned  ncasuronents  were  nude  at 
steedy  inspiratory  flow  rates  of  0,5  l/too  end  1,0  l/aeo,  using  orifices  v/ir-h 
I'osistanoes  of  4.6  cn  Il^O/l/seo  and  7,1  cn  H20/!l/3ao  ab  the  two  flow  rates, 

Soth  resistances  wore  wstii-.ebod  correctly,  within  the  linits  of  expcrinuntal 
orror  (4.81,  ft.E,  ♦  0,23|  and  7.64,  S.E,  +  0,37  on  HgO/l/soo), 

DL 'icusaw 

1  *  Infornation  iron  analogues  of  tho  respiratory  tract 

(a)  PtovIous  use  of  analogjos,  Several  previous  authors  (4,  '2,  13) 
have  used  oleotrlcal  sJid/ov  tiochanical  analogues  in  an  attenpt  to  define  ths 
neohanical  proportios  of  th<^  rospirutocy  tract,  licwover,  previous  nodcls  end 
analogues  have  omitted  one  or  nore  Liportant  couronents  -  the  uouth  (9,  1£,  13) 
gas  inertaner  (9,  12),  or  the.  inoi'ttuice  of  the  aldoninal  and  thoracic  v:..^cara 
(<•),  and  the  nethod  of  acti-'etion  -  either  a  slno-wavo  oscillator  (•’2,  I3)  or  a 
rquare  vmve  (4>  9)  -  som  an  incoi’plcte  representation  of  tho  ovjnts  involved  in 
use  of  the  interrupter  valve, 

(t )  Linitatlona  of  present  ansJognss 

(i)  ICnowlodge  of  couronents.  The  non.u\l  valueis  for  nsjiy  conponents  of  tho 
present  analogue  -  R  ,  R  ,  C  ,  and  C,  -  are  tjcII  established,  and  require  no 
speoirio  coisncnt.  ard  wore  dotcruined  by  Clcnents,  using  a  nodification 

of  tho  interrupter  valvo  systou  (4).  Tho  present  author  has  found  static  north 
oonplimico  to  vary  quite  widely  frera  0,4  to  4.8  nl/cn  H^O  in  nornal  subjects 
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(unpublished  data).,  Chest  wall  compliance  C  has  been  obtained  as  the 

difference  between  the  total  oonnlianoe  of  the  lungs  and  chest  of  0,1  l/cm 

HgO  (k),  and  lung  compliance  -  tnat  is,  about  0,2  l/oa  HgO.  As  discussed 

in  the  theoretical  section,  if  the  chost  wall  is  not  relaxed  following 

interruption,  many  fall  to  l/20th  of  this  value.  has  been  estimated 

as  0,2  cm  h^o/l/soo  at  0,5  l/aeo  flow  fi’om  the  difference  between  body 

plethysmograph  and  oesophageal  measurements  of  rosistanoo  (15)»  Rt  >  R  is 

knovm  from  the  difference  between  total  thoracic  and  afrv/ay  resistance  (l6) 

to  bo  at  least  1  cm  HgO/l/soc^  and  possibly  2  cm  HgO/l/sec,  The  inertanoe 

terms  La  and  Li  have  been  investigated  by  measuring  accelerative  pressures  at 

differing  ambient  pressures  (8)j  the  observed  valuo  of  0,01  cm  HgO/l/sec^  at 

normal  ambient  pressures  seemed  due  largely  to  the  La  component,  and  conformed 

with  a  theoretical  prediction  of  Lg^  based  on  the  dimensions  of  the  respiratory 

tract,*  Other  estimates  of  o/erall  incrtcnce  have  been  based  (l2)  on 

(i)  oomparisonc  of  reactance  at  differing  frequencies  (0,04  cm  H20/l/s6O^)» 

and  (ii)  determination  of  resonant  frequency  (0,006  cm  H20/l,-^sec^)* 

however,  these  calculations  contain  a  niimbor  of  uncertainties/. 

The  present  analogues  have  been  designed  to  operate  over  the  range  imposed 

by  these  uncer-^aintios.  Errors  in  the  choice  of  values  for  L,  and  R  are  of 

1  c 

minor  importance  in  aetomining  the  over?  11  inpedanoo  to  pressures  applied  at  the 
mouth,  or  the  rate  of  equilibration  of  lung  and  mouth  pressures,  but  L^  p.lays 
ail  important  part  in  controlling  the  response  to  xiigh  frequencies  applied  at  the 
chest, 

*  The  theoretical  predictior  is  based  on  a  piano  wave  front.  According  to  Mead 
(8),  inertenco  would  bo  twice  the  predicted  value  of  0,01 2  on  HgO/l/s'^c  under 
conditions  of  laminar  flov/,  and  1,22  times  the  predicted  value  with  turbulent  flow, 
Van  don  Berg  (l3)  points  out  that  the  factors  should  properly  be  1,00  for  laminar 
flow  and  1,33  for  turbulent  flow, 

/  Dubois  et  al  (l2)  state  that  the  phase  shift  at  2,9  o/sec  is  -33°,  and  at  5,8 
o/sec  is  zero  (resonant  frequency).  These  figures  apparently  refer  to  the  phase 
angle  between  pressure  and  flow  across  the  chest.  Allowance  is  made  for  "the 
compressibility  of  alveolar  air”  in  the  case  of  pressures  applied  through  a  Drinker 
rei^iirator,  and  for  the  "comprossibilitj  of  air  in  the  flovrmetor  and  traoheobronohic 
tree"  when  pressure  is  applied  at  the  mouth.  However,  no  allowance  is  made  for 
the  compliance  and  resistance  of  the  mouth,  and  none  for  the  inortonce  of  gas  in 
the  airway.  The  inertanoe  calculated  is  thus  souov/hat  u;.icertcin. 
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(ii)  Other  lira-.! tationa .  The  jiialogue  la  a  single  channel  device, 

v/hereas  the  lung  contains  a  largo  ntitibcr  of  parallel  bi'onchial  pathways. 

However,  it  is  not  necessarily  an  advantage  to  nultiply  the  number  of 

channels, as  does  Van  dun  Berg  (13)»  without  more  knowledge  of  tha  relative 

distribution  of  resistance,  capacitance,  and  inductance  between  obanncla. 

The  assumption  is  made  that  the  walls  cf  the  air  passages  are  rigid; 

in  fact,  the  resistance  increases  throughout  e.'cpiration,  but  the  change  of 

resistance  over  the  uiadle  range  of  lung  volumes  la  not  sufficient  to  Invalidate 

results  based  on  average  resistances  (2,  n). 

Finally,  in  the  electrical  (but  not  in  the  mechanical)  analogue,  resistance 

is  considered  a  linear  function  of  flow.  The  dai.iping  ratio  observed  in  human 

subjects  is  less  than  In  tho  oloctrlcal  model,  and  more  than  in  the  mechanical 

model;  this  could  be  due  to  part  to  acceptance  of  a  rather  lew  value  for 

but  is  probably  due  in  the  main  to  a  combination  of  a  linear  mouth  recistsnee 

R  and  a  non-linear  airway  resistance  R  . 
m  ''a 

( 0 )  The  natural  resonant  frequency. 

The  definitior  of  resonance  has  caused  some  confusion  in  the  past, 

Some  authors  (12,  17,  18)  have  considered  tho  resonant  frequency  as  that 
frequency  at  which  pressure  and  flow  wo:‘c  in  phase.  In  the  experiments  jf 
DuBois  et  ai  (12),  with  pressures  applied  at  tho  mouth,  resonance  thus  dei*ined 
occurred  at  a  frequency  of  5-7  c/sec.  In  dogs  (l6),  with  pressures  anplied 
to  the  chest  wa'l  via  a  Drinker  respirator,  a  sii-dlar  ’’resonant"  frequency  was 
observed.  In  cats  (l3),  v/ith  pressures  applied  to  the  trachea,  the  "resonant" 
frequency  was  somewhat  hugh^-r  (7  -  Ik  c/soo).  In  the  present  electrical  model, 
with  potentials  appl.iod  to  the  chest,  proscurc  and  flow  uoro  in  phase  at  a  much 
higher  frequency  (25  o/seo)  than  in  tho  dog,  suggesting  that  may  have  been 
gi eater  in  life  then  in  tho  model.  Van  den  Berg  (l3)  considered  the  resonant 
frequency  as  that  frequency  where  impedance  vras  at  a  minimum,  and  applying  the 
input  to  tho  "trachea'*  of  his  mode*!  ho  dosoribod  resonance  at  6,6  and  7  e/sec 
in  the  present  model,  with  the  input  applied  to  tho  chest  v/all  ov.ly,  one  wtli 
defined  minimum  of  inpodance  occurred,  at  about  50  c/sec.  Neither  of  tho  above 
definitions  of  resonance  are  as  sensitive  as  the  suppression  of  beats  in  a 
damped  system;  using  this  last  technique,  the  present  author  has  found  rer-onanco 
at  6,6,  10,7,  28,  and  56  c/soo  with  normal  settings  of  the  analogue. 
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The  prinary  frequenoy  of  intenrtqption  (10  o/seo)  is  well  removed  from 
a  sons  of  resonance,  and  resonance  in  phase  with  interruptions  is  thus 
unlikely  to  affect  the  validity  of  the  method.  The  only  oscillations  seen 
in  the  human  espei’inonts  have  a  very  high  frequency  (80  -  90  o/seo).  Similar 
oscillations  are  seen  when  flow  through  the  neohanloal  and  eleotrioal  models 
in  interrupted  by  the  "Clements  valve"  (Figs.  5  and  6),  although  in  the 
eleotrioal  model  the  frequency  of  oscillation  (50  -  60  o/seo)  conforms  to 
the  upper  resonance  band  previously  defined.  Presumably  these  oscillations 
occur  locally  between  the  mouth  and  lung  gas  compliance,  but  in  the  mechanical 
model  (and  in  nan)  the  frequency  of  oscillation  is  increased  by  some  contribution 
from  oheat-wull  compliance. 

(d)  The  rate  of  pressure  equilibration 

Many  previous  workers  have  considered  the  lungs  and  aimey  as  a  simple 
rosistanoo/oapaoitanoe  syaten,  and  have  obtained  "time  constants"  by 
multiplication  of  airway  resistance  and  lung  g-is  compliance;  from  such 
calculations  it  has  been  concluded  "that  18  m.soo  was  a  conservative  ostimace 
of  5P?S  equilibration  tine"  (•’8),  and  that  20  msec  was  required  for  equilibration 
(19).  Others  (2,  2C)  considered  equilibration  to  be  complete  in  5  n.sec.  Thi 
px'escnt  work  suggescs  that  in  the  use  of  the  interrupter  valve,  the  compliance 
of  the  mouth  has  greater  relevance  than  the  conpliemce  of  lung  gas.  Purthor, 
the  system  is  not  u  simple  rcsistanoe/oapaoitanoe  network,  and  gas  inertaiice 
cannot  bo  neglected  in  calculating  rates  of  pro3'’ure  equilibration.  Indeed, 
the  system  is  normally  undci’dampod',  oscillations  therefore  oocui’,  and  oquilibratio: 
is  essentially  instantan  loun.  When  airway  resistaiioo  is  increased,  camping 
exceeds  critical  and  equilibration  t'ncf  become  langthy  (9,  19,  2l),  In  those 
oiroumstanocr,  the  equilibration  pressure  may  not  even  be  indicated  by  the  soarjiin' 
phase  of  the  Clements  valve  (17  ~  33  m.aeo  after  interruption);  there  has  reoentl; 
been  a  plea  for  measurements  as  late  as  80  m.seo  after  interruption  (19),  but  at 
this  tine  it  is  difficult  to  distinguish  slow  equilibration  fiou  secondary  pressur* 
changes,  and  the  alternative  of  speeding  equilibration  by  use  of  an  external 
inertanco  seems  preferable. 
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(e)  Addition  of  extemtd  roaiatanoe 

Tho  addition  of  an  external  roaiatanoe  la  not  fully  oonparablo  with 
on  Inorease  of  airway  rosistanco,  sfnco  tho  oonatriotion  la  distal  to  the 
"shunt”  represented  by  tho  aouth.  In  partioultir,  the  external  rosistanoo 
does  not  alter  the  danping  of  tho  lung/nouth  circuit  in  the  way  that  an 
inorease  of  airway  resistance  would.  However,  under  steady  flow  conditions 
prior  to  interruption,  tho  pi’o.  .>urD  gradient  is  sinilar  v/hether  the  rosistanoo 
is  internal  cr  externeJ..  Fui'ther,  tho  2Cfo  reduction  of  pressures  by  nouth 
oonplisuioe  (aeo  theory)  does  not  affect  tho  pressure  drop  ewross  the  external 
resistance.  Thus  tho  oquilibriun  pressure  after  flo;v  interruption  should  be 
proportional  to  tho  sura  of  airt/ay  and  external  rosiatanoos,  unless  tho  external 
resistance  has  nodifioa  the  airv/ay  resistance  (as  by  altering  tho  tendency  of 
the  airway  to  collapso  during  expiration), 

2,  Noriaal  values  for  airway  resistance  in  relation  to  technique 
(a)  Absolute  nap;nltude. 

The  absolute  nagnitude  of  airwey  resistance,  as  detemined  by  interrupter 
valve,  is  gret ter  than  values  obtained  by  oesophageal  balloon  (6,  19,  22),  and 
nuoh  greater  than  by  holy  plctljysnograph  (2?). 

Tho  results  of  tho  present  interrupter  valve  series  are  higher  than  sorae 
previously  reported  ^6).  This  nay  bo  duo  in  part  to  tho  use  of  a  long,  steady 
expiration,  as  snallor,  but  noro  ^aricblo  values  wore  obtained  after  a  "short 
puff"  thiough  the  interrupter  vclvo.  Pull  expiration  could  have  led  to 
progressiva  collapso  of  the  air\;ay,  but  ropetitive  neasuronents  of  resistance 
did  not  shov/  any  such  trend  (Table  5)'  The  effort  of  controlling  flow  at  a 
steady  rate  probably  lei  to  tensing  cf  the  chest  vail  in  sono  subjects,  ;d.th 
consequent  over-ostiraataon  of  resistance  v/han  ' scanned''  pressure  records  v/ore 
used.  Finally,  it  is  likely  that  alveolar  units  with  a  low  rosistanoo  to 
airflo;;  had  enptiod  before  the  uidpoint  of  expiration  was  reached.  The  "average" 
resistanco  seen  at  raid-oxpiration  would  thus  be  weighted  in  fa-'our  of  higher 
resistance  units.  If  it  is  intended  to  use  the  volvo  as  a  prooiso  and  fullj^ 
quantitative  neasuro  of  ainvey  resistance,  this  last  point  is  a  valid  criticisn 
of  the  uaxinal  expiration  teohniquo.  However,  differoncos  of  resistanco  between 
units  are  more  likely  to  occur  in  the  presence  of  bronchospasn,  and  the  method 
of  maxiraal  expiration  thus  helps  to  bring  out  tho  difference  between  normal  and 
abnormal  subjects, 
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(b )  Reproduolblllty  of  reclntcaico  readings 

It  has  been  stated  (5»  23,  24)  that  changes  of  airway  rosistanoo  are 
difficult  to  dononstrate  by  neana  of  the  interrupter  valve  because  of 
variation  in  control  neasuronionts,  and  a  coefficient  of  variation  as  groat 
as  5^0  has  been  quoted  (5)«  This  last  msossnient  was  baaed  on  portable 
apparatus  fitted  with  v;ater  gauges.  Leakage  at  the  valve  was  thus  difficult 
to  assess,  lung  volume  was  not  knovm,  and  it  was  necessary  to  calculate  aiiway 
resistance  from  the  difference  betvfoen  a  pair  of  oscillating  v;ator  nonisci. 

The  present  figure  of  18,9?5  oooffioient  of  variation  for  unsoanned  readings 
conpares  favourably  with  the  body  plethysuograph  (C#V,  24. 7??,  ref,  22),  and 
the  oesophageal  balloon,  (C.V.  27.2^5,  ref.  6), 

(c)  Use  of  resistance  coefficient. 

The  calculation  of  "resistance"  for  a  non-linear  conponoi.t  is  of  doubtful 
propriety,  and  sono  physicists  have  preferred  to  calculate  the  "constant’’  R 
in  the  equation  P  =  RP^**^  (pace  6  )  assuming  a  constant  exponent  n(2).  However, 
the  resistant  ten.i  R  is  still  not  a  true  constant,  for  the  exponent  n  varies 
with  the  structure  of  gas  flow  in  the  respiratory  tract.  During  resting 
ventilation  (3)  ,  turbulence  may  develop  in  the  trachea  and  upper  aiiwtty,  but 
it  is  not  prerent  in  the  main  resistance  eler.  ents  of  the  ainvay,  except  at 
points  of  branching.  The  apparent  constant  n  is  thus  a  composite  figure 
erabracing  laminar  flow  through  sono  resistanc*  elements  (n  =  l),  and  turbulent 
flow  (n  =  say  1 .85)  through  the  remaining  resistance  elements.  The  values  of 

n  to  be  expected  at  diffo'*'ont  flow  rates  are  shown  in  Table  8.  In  practice, 

n  is  somewhat  higher  (1,0  -  1.7)  over  the  rp.nge  rf  the  interrupter  valve 
measurements  (0.5  -  2,5  l/s'^c),  owing  to  the  effects  of  branching;  however, 
at  low  flov/  lates  n  inevitably  tends  tov/ards  unity,  and  at  high  flow  rates  +0 
p.  limiting  value  of  1,85,  Thus,  however  resistance  is  expressed,  it  must  be 
confined  to  a  specified  flow  range,  and  having  accepted  this  premise,  the 
"resistance  ooeffioient"  offers  no  advantage  over  the  simpler  oonvencional. 
unit  of  physiology  (cm  HrO/l/a^^c  at  0,5  l/soo  flov?), 

(d)  Measuronent  of  external  resistance. 

The  procedure  of  estimating  an  external  resistance  has  previously  been 
used  to  vrlidato  the  interrupter  valve  technique  (2),  On  the  basis  of  this 
procedure,  it  can  be  concluded  that  (l)  each  of  the  several  procedures  adopted 
gives  an  index  of  Increased  re  i stance,  (ii)  a  1  l/seo  expiration  is  preferabJe 
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to  an  0,5  l/seo  expiration,  flii)  inspiration  ia  preferable  to  expiration, 
and  (iv)  early  unsoanned  readings  ere  preferable  to  soannod  readings  in 
the  estination  of  an  added  external  resistance. 

The  explanation  of  these  findings  is  probably  that  the  external 
resistance  tiodifies  the  secondary  pressure  rise;  either  expiration  is 
slightly  slower,  or  subjects  find  it  easier  to  naintain  a  steady  flow 
without  tending  the  chest  when  an  external  resistance  is  present  than  when 
it  is  not.  Conolusion  (iv)  is  not  applicablw  to  an  increase  of  resistance 
internal  to  the  nouth,  since  equilibration  is  then  slow,  W’;en  resistance 
is  increased,  a  scanned  reading  (or  a  late  unsoanned  reading,  19)  is  core 
likely  to  give  the  correct  resistance  value  than  an  early  unscanned  readings 
CONCLUSION 

Whether  the  scanning  device  is  used  or  not,  with  the  Cleronts  iriterrupta.' 
valve  a  fixed  interval  between  interruption  of  flow  and  neasureaent  of  prossura 
is  desirable  on  grounds  of  objectivity  in  interpreting  tracings.  An  early 
unsoanned  reading  will  bo  correct  under  norraal  conditions,  but  very  unsatisfactory 
in  the  presence  of  bronchospisn.  The  scanning  position  of  the  Cleaents  valve 
(17  “  33  n.eec),  although  deserained  priaeiily  by  engineering  considerations, 
probably  represents  a  useful  coa^rouiso  for  the  estination  of  both  noraal  and 
increased  resistance •  The  possibility  of  speeding  equilibration  by  addition 
of  on  external  inertance  in  subjects  with  bronchospasn  has  yet  to  be  exploited. 


(Sgd,)  C,  Lovatt  Svans, 
Head  Physiology  Section, 
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(Sgd.)  W.S.S.  Ladell, 
Assistant  Direotor(MQdical), 


UNCLASSIFIED 

19, 


UNCLASSIHED 


1,  Von  Neergaard,  K»,  &  Wlrz,  K.  (1927).  Ztschr.  f,  klin,  Med.  105.  52. 

2,  Shephard,  R.J.  (i959).  J.  Physiol.  l/fS.  459. 

3,  Ainsv/orth,  M.,  &  Eveleigh,  J,\7,  (l952)  Porton  Technical  Paper  320. 

4,  Clencnts,  J.A.,  Sharp,  J.T.,  Johnson,  R.P.,  &  EIwa,  J.O.  (l959). 

J.  din.  luvost.  38,  126k. 

5,  Shephard,  R.J.  &  Ainsworth,  M.  (l96l)  Portcn  Technical  Paper  773. 

6,  Shephard,  R.J.  (l96l)  Porton  Teclinioal  Paper  781. 

7,  Lloyd,  T.C.  (i960).  U.S.  l*ublio  Health  Service,  Third  Air  Pollution 

Seninar,  St.  Louis,  Mo. 

8,  Mead,  J.  (l956).  J.  Appl.  Physiol,  9,  208. 

9,  Mead,  J.,  &  Whittenberger,  J.L.  (l954).  J.  appl.  Physiol.  ^  408. 

10.  Otis,  A.B.,  A  Proctor,  D.F.  (l95l).  U.S.A.P.  Teoh.Rept.  6528,  170 

11,  Chong,  T.O.,  Godfrey,  M.P.,  A  Shepard,  R.H.  (l959).  J.  appl.  Physiol.  727 

12,  DuBois,  A.B.,  Brody,  A.W.,  Lewis,  D.H.,  A  Burgess,  B.F.  (l956). 

J.  appl.  Physiol.  ^  587 

13.  Van  don  Berg,  J.  (i960).  Acta  Pl\,-3iol.  Pharu,  Noorl.  2»  36l 

11(..  Rahn,  H.,  Otis,  A.B.,  Chadwick,  L.E,,  A  Form,  W.O.  (1946).  At.e.-.  J.  Physiol. 

146,  1 61 . 

15,  Marshall,  R.,  A  PuBois,  A.B.  (l956).  Clin,  Soi, 

16,  Otis,  A.B.,  Penn,  V7,0.,  A  Rahn,  H.  (1950),  J,  appl.  Physiol,  2,  592 

17,  Hull,  W.E,,  A  Long,  E.C.  (l96l),  J,  appl.  Physiol.  1^,  459 

18,  Brody,  A.W.,  DuBois,  A.B,,  Niscll,  0,1.,  A  EngeJborg,  J,  (l956). 

Aner,  J,  Physiol.  186,  142 

19,  Jaeger,  M,,  A  Scherre. ,  M,  (i960),  Helv,  Med.  Aota  22,  748 

20,  Vuilleumier,  P,  (19^(4-).  Ztschi’.  f.  klin,  Med,  145.  698 

21,  Fry,  D.L,,  Ebort,  R.V,,  Stoad,  W.W.  A  Brown,  C.C,  (1954)  Aner,  J,  Med,  16,  80 

22,  DuBois,  A.B.,  Botolho,  3,Y.,  A  Co-roc,  J.H.  (1956).  J.  din.  Invest,  327 

23,  MoKerrow,  C.B.,  McDemott,  M,,  Gilson,  J.C.,  S  Schilling,  R.S.F,  (l958). 

Brit.  J,  industr.  Mod,  1_^  75 

24,  Perris,  B.J,  (i960).  New  Eng,  J.  Mod,  262.  557 

25,  Davis,  A.H,  (1934).  Modern  Acoustics,  Neill,  Edinburgh, 


UNCLASSIFIED 

20, 


Ul'fCLASSIFIED 


TABLE 


Congw©?!^  t^sed  In  i.'iaotrloeJL  and  Meohemloal  Analoguea  of  th»  R 


Abbrevi::tion 


C  cap  orient 


N:>mal  units,  at 
flow  of  0#5 


External  (flow  neasuring)  6,8  on  HgO/l/seo 
z^slstanoe. 

kouth  tissue  reslateeioe.  3,0  on  H20/3/>®® 


lirvey  reslstanoe. 


1 .5  on  H20/3/soo 


Lung  tissue  reslstanoe,  0,2  -  0,3  oa 

HgO/l/ooo 

Ghost  wall  and  extra  0,3  -  1,5  on 

thoracic  xosistanoo.  U-O/I/boo 


0,3  -  1.5  on 
U^O/I/boo 

0,001  l/oa  H2O 


Coupllance  of  nouth  0,001  H2O 

tissues. 

Couplianoe  of  lung  tissues  0,200  H2O 

Cocjplianoe  of  chest  wall  0,200  l/oD  H2O 
and  extrar-thoraoio  tissues 

Cccpllanoe  of  alveolar  O.OOk  il/on  H2O 

gas, 

Pulnonary  gas  inert anoe  0,01  ora  H2C/V0®® 

Inertance  of  lungs,  ohost  0,01  on  H20/3/sec' 
anc'  extra  thoraoio  tissues 


Eleotrloal  Bleotrio 

Analogue  (slne-wa 

10  o/seo 


6.%  0 

3.CK 

1.5K  0 

0.5K 


0.5K  0 


200vr 

200vF 


15.9K 

0.08K 

o.oas 

ih.CK 

0.ft 

?0.Q[ 


«It  is  necessary  to  specify  the  flow  rate  on  account  of  the  noi>-linearity  c 


UNCLASSIFIED 
TABLE  1 


I  used  la  I  iso  trio  al  and  Meohanloal  Analo<w»  of  th«  RwAratoiy  Systep 


1 

N?rDal  units,  at 
flow  of  0.5  Vboo* 

Bleotrloal 

Analogue 

KLeotrioal  Itqpedanoe 
(slae-mnre  potential) 

Ueohsnloal  ansOrogue 

10  e/eao 

D3Z& 

luring) 

6.8  on  H20A/8eo 

6.aE  fl 

6.ek 

6.% 

6.% 

Clenents  ▼alwe(open) 

itanoe. 

3.0  oo  H^/l/aoo 

5.CK 

5.CK 

5.% 

5.% 

7kan  orlfloe(«  2.8  on 
H2C/1/»oo) 

' 

1 .5  on  H2O/3/MO 

1,5K  ^ 

1.% 

1«5K 

1 

6bQ  orlfioe(a  2  on 
digC/l/BOo) 

;anoe. 

0.2  -  0.5  OB 
H2O/I/SO0 

0.5K  fl 

0.5X 

0.5K 

Not  represented. 

;ra 

10. 

0*5  -  1*5  on 
H20/V«9o 

0.5K  fl 

0.5K 

0.5K 

Not  represented. 

;h 

0,001  1/m  HgO 

IVF 

15.9K 

1.59K 

159K 

1  1  ressel 

tissues 

0.200  1/m  H^O 

200vF 

0.0% 

0,00% 

o.% 

it  wall 
tissues 

0.200  1/m 

20(VF 

0.0% 

0.00% 

o.% 

j  109  1  wessel 

iolar 

0.004.  1/on  HjO 

MiF 

4.% 

0.4K 

40.CK 

Not  r^resented 

•tanoe 

0,01  om  H2C/1/®oc^ 

ICH 

0.% 

6.% 

0.0% 

2 

Tiibo  50  on  X  3  on 

1^  chest 

1  tissues 

D.Ot  on  H20/1/®*o^ 

i 

lOH 

70,% 

76.% 

70,0% 

InflovT  to  109  1  reservoir  ; 
of  0.3  3/boo  during 
ixitemqptlon. 

>  speoliy  the  flocr  rate  on  account  of  the  noiHllnearity  of  airuagr  reaistanoe. 
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TABLE  2 


Calculated  values  of  resistance  S'R  (including  external  resistance 
of  6o8k),  reactance  E  impedance  EZ,  and  phase  angle 

0  for  analogue  circuit,  T/ith  airv/fiy  resistance  of  (a)  i  .5K,  and 
(b)  i5K. 


Airway  resistance  riOiTial  (i.5K) 

Airway  resistance  high  (15K)  j 

f 

E  R 

Z(Y\) 

E  Z 

<P 

S  R 

E(X  -X  ) 

\  9  i 

_  1 

0.25  c/s 00 

9.2  K 

-3.67K 

9.9  K 

-21 °48' 

22,2  K 

-  6.29K 

23.1  K 

-15°51' 

1 

8.8iK 

•-2.57K 

9.I8K 

-16^^17* 

17.7  K 

-10.1  K 

20.8  K 

-29°41‘ 

10 

2.I4.6K 

-2.37K 

3.42iC 

1.73K 

-  3.29K 

3.74K 

-62°12,' 

100 

:  +79°37' 

1.0CK 
-  ^ 

+  5.59K 

5.63k 

T79^'52’^ 

TABLE  5 

Calculated  dam-ping  ratio  and  )C^  equilibration  time  of  constant  lung 
potential,  following  opening  of  switch  S<  in  analogue.  Fixed  nouth 
tissue  resistance  of  5K,  and  fixed  .lung  gas  inertance  of  10H  assumed, 
selected  settings  of  airway  resistance  and  raouth  couplionce  as  shov/r. 
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TABLE  4 

Danping  ratio  and  9C^  equilibration  tine  of  nouth  pressure 
in  ueoheinioal  an{J.ogue  of  aimay  at  selected  values  of  airway 
resistance.  Mouth  resistance  2,8  on  HgO/Vsec  at  0,5  l/sBOf 
nouth  oonpliance  0,001  l/cu  H^O,  airr/ay  gas  inertance  0,012  on 
HgO/V^ec  for  plane  wave  front. 


Orifice  Diaiaeter 

Ra(cn  H20/1/8©o 
at  0,5  VsQc) 

Danqping  ratio 

90^  equilibration 

tine 

8  on 

2,0 

0,12  critical 

oscillations 

7 

2,8 

0,15  critical 

oscillations 

6 

8.0 

0,27  critical 

oscillations 

5 

12.8 

0,35  critical 

oscillations 

k 

28.0 

>  oritioal 

55  n.sec 

2 

520.0 

>  oritioal 

350  n.sec 

TABLE  5 

Ten  suooossivo  ueasurenents  of  airway  lesirtanco  at  uid-point  of 
steady  naxinal  ejtpirabion.  Interval  between  neasurenents  ?0  S30, 
Pooled  results  for  first  35  subjects  of  present  series. 


Mea8ur3nert 

Airway  resistance 
(on  HgO/l/seo) 

S,E.  of  nean 

1 

2.74 

t  0.19 

2 

2,66 

+  0  i8 

5 

2.98 

•f  0.25 

4 

2,68 

±  0.17 

5 

2.50 

+  0.26 

6 

2.63 

±  0,l8 

7 

2.84 

t  0,26 

8 

2.8i 

i  0,1 8 

9 

2,90 

+  0.23 

10 

5.04 

+  0,22 
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TABLE  6 

Coaparison  of  expiratory  and  inspiratory  resistance  in 
9  nomal  subjeota*  Mean  and  S.E,  of  difference  8ho\7n, 


Expiratory  roais+anco 
(cm  HgO/l/seo) 

Inspiratory  resistance 
(cn  HgO/l/sec) 

^  +  S.E, 

3A8 

2.66 

-0,82  +  0.33 

1,26 

4.45 

+3.19  +  0.30  1 

3.09 

3.14 

+0.05  +  0.30 

3.74 

2.69 

-1.05  +  0.6? 

1,22 

3.67 

+2,45  i  0,i9 

2.47 

3.10 

+0.63  +  0.32 

1.55 

2.54 

+0.99  +  0.30 

1.42 

1.31 

00 

o 

+1 

• 

o 

1 

3.58 

2.43 

•^1  J  0«51  j 

_ I 

TABLE.  7 

Observed  danping  ratios  in  nomal  subjects 


Inspiration 

Expiration  j 

0,41 

0.70 

0.24 

0,21 

C.l8 

0.36 

0.30 

o 

• 

o 

>1,00 

0.27 

0.70 

0.24 

0.70 

0.1 6 

>1.00 

0.17 

0.40 

Mean  +  S.E#  0,23  +  0,03 

0,60  +  0.03 

_  ”  _ 
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TABLE  8 

Peroonteige  of  "iBninar”  and  "turbalont"  resistance  in  the 
hunan  airway  at  selected  flow  rates,  assuning  Reynold's 
nunher  of  2000,  and  average  flov/  exponent  for  systeu  as  a 
whole. 


Flow 

1/bqo 

"Laninar" 

xesistance 

CR  =  KP) 

"Turbulent" 

resistance 
(R  =  Kf"' 

Average  exponent  n 

for  entire  airway 
(R  =  Kf”) 

0.4 

100  % 

0  % 

1.00 

0.5 

81.7 

18.3 

1.20 

0.6 

44.1 

55.9 

1.53 

0.8 

42.5 

57.5 

1.5f 

1 .4 

8.3 

91.7 

1.80 

5.3 

0.4 

99.6 

1.84 

10.0 

0 

100.0 

1.85 
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APPENDIX  I  tp  PoT.P,  829 
The  Clements  Inter inipter  Valve 

The  Clements  valve  (if)  is  a  development  of  an  earlier  system  for  measuring 
airv7ay  resistance  during  single  interruptions  of  airflow  (3)»  Airflow  is 
interrupted  600  tixios  por  minute,  flow  being  deduced  from  the  pressure  prior  to 
interruption  ond  chest  pressure  from  the  pressure  during  inteiruption.  Normally, 
pressure  vdthin  the  valve  is  •* scanned”  by  tv;o  ports  rotating  with  ■‘•he  valve,  and 
only  the  middle  thirds  of  "flov7"  and  “interruption”  pressures  are  transmitted  to 
the  recording  system;  this  is  intended  to  permit  the  use  of  low  frequency  record¬ 
ing  systems. 

The  apparatus  consists  basically  of  two  carefully  machined  concentric  metal 
sleeves  and  an  outer  hood  (Fig,1l),  The  outer  sleeve  carries  four  longitudinal 
slits,  and  there  are  four  corresponding  but  narrower  slits  in  the  inner  sleeve. 

The  inner  sleeve  is  rotated  at  a  c0n3ta.it  rate  (150  r.p.m,).  As  the  sleeve  turns, 
interruption  of  flow  is  developed  over  the  course  of  -12  m.seo;  interruption  is 
then  maintained  for  some  50  m.sec,  and  flow  is  restored  over  the  following  12  m.sec. 
The  "scanning”  ports  are  arranged  to  comunicate  v;ith  'Uie  interior  of  the  valve 
17-33  m.seo  after  interruption  of  flow,  and  17-35  m.sec  after  restoration  of 
flow.  The  purpose  of  the  outer  hood  is  •lo  shape  the  airstream  during  the  flow 
phase  of  tho  valve  cycle  so  that  the  pressure  developed  during  this  phase  i.j 
proportional  to  the  1,66th  power  of  flov/  rate  (■^■hu5  matching  the  ovei-iill  charaoteris 
tics  of  the  respiratory  tract). 

In  some  devices  incorporating  the  Clements  valve  flow  pressures  (P^)  and 
interruption  pressures  (Pj)  an  subti’acbcd  mechanically  from  each  other;  hoivevor, 

In  all  the  present  experiments  v/here  tho  "scanning"  ports  were  used  tho  two  pr'essure 
were  recorded  independently  by  capacitance  manometers  and  high  frequency  pen 
oscillographs.  Tho  "scanning"  device  necessarily  obscures  details  rf  the  pressure 
during  equilibration,  and  thus  for  the  purpose  of  comparison  with  lesults  from  the 
electrical  and  mechanical  analogues,  the  normal  "scanning"  ports  were  closed,  and 
instead  a  continuous  ("unscanned")  pressure  record  was  obtained  from  a  piesometer 
ring  mounted  proximal  to  tho  interrupter  valve  proper. 
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APPENDIX  II  to  P.T.P.829 

CaJ-oulation  of  lapedtmce  of  Tiun/;-Airvje.y  analogue  by  couplex 

analysis 


Couplex  analysis  is  a  nathcnatioal  procedure  whereby  a  conplex  series/parallel 
resistanoe/oapacitance/inductance  network  is  reduced  to  an  equivalent  series 
resistance  and  capacitance  or  inaaotance  at  a  given  frequency. 

Consider  first  the  aeries  case.  The  impedance  Xg  to  a  pure  sine  wave  voltage 
of  frequency  f  is  given  by 

Zg  =  EP.^  +  2  (Xj^  -  X^)^  .  (1) 

whore  ER  is  the  total  resistance  of  the  series  segtient  of  the  circuit,  Xj^  the 
inductive  reactance  (Xj^  =  2vfL,  where  L  if  the  inductance),  and  X^  the 
capacitative  reactance  (X^  =  \/2iTfC)  where  C  is  the  capacitance),  A,ddition  of 
individual  series  elements  is  simplified  by  use  of  the  j  operator  to  signify  the 
90*^  difference  of  phase  between  resistor.oc  and  reactance  (j  =  ■/-I); 

Z  =  R  +  j(Xj^-X^)  .  (2) 


If  written  in  this  for::.,  addition  of  series  elements  nay  be  carried  ort 
directly! 

=  =>31  *  ^S2  . 

In  the  case  of  circuit  elements  arranged  in  parallel,  the  total  imoedmee 

EZp  is  obtained  by  sianrlng  the  reciprocals  of  Individual  impedances  and 

1  1,  ^  ' 

"  Zp2  . 

The  reciprocal  of  ix.ipcdance  is  knovm  as  the  adjoittance,  Y, 

Thus; 

=  ’fp,  *  ’'P2  .  (5) 
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Defining  adnittanae  in  torna  of  the  j  operator 


Y 


R 

R2  +  X2 


X 


or  Y 


&  +  0  B 


(6) 

(7) 


If  parallel  oirouit  oleaonts  are  written  in  the  format  of  equation  (7)t 
these  also  nay  be  added  directiy,  and  finally  reconverted  to  an  equivalent 
series  inpodance  by  use  of  equation  (8): 


B 


2  2 
&  +  B'^ 


(8) 


Conplex  analysis  consists  in  proceeding  step  by  step  with  the  addition  of 
individual  series  and  parallel  eJenents  in  the  nai'uer  described  abo^e  until  the 
entire  circuit  has  been  accounted  for. 
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APPTiMDIX  III  to  P.T.P.  829 
Thedanplng  of  oscillations 


The  behaviour  of  any  osoillating  syoten,  electrical  or  nechar.ical,  when 
subjected  to  a  sudden  constraint  is  conveniently  described  in  terras  of  a 
"danping  ratio" »  This  is  uost  usually  calculated  as  the  ratio  of  the  obseirved 
danping  to  the  values  yielding  writical  dauping.  In  an  electrical  circuit,  the 
degree  of  damping  is  dependent  upon  the  relative  values  of  R  (series  resistance), 
L  (series  inductcnco)  and  C  (series  capacitance),  CriijLoal  uanping  occurs  when 
^2L  and  the  danping  ratio  d  is  given  by  ^  . .  (l) 

In  a  mechanical  system,  whore  R,  C,  and  L  are  not  known  vdth  the  sane 
precision,  it  is  sometimes  preferable  to  calculate  a  logarithmic  decrement  ratio 
from  the  amplitude  and  x  of  tv/o  successive  half  v^aves; 

Log  deer  ament  ratio  =  log^  .  ^2) 

*0  . 

The  relationship  of  the  tv;o  measures  of  danping  nay  be  explained  as  follov/s. 
It  is  known  (25)  that 


loG^ 


X 

*0 


Thus 


(5) 

(4) 


Now  the  frequency  of  oscillation  f  is  an  undamped  system  is 


(5) 
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In  a  Ughbly  deu::?)ed  ayaten^  the  frequency  f  ’  is  proportionately  less 

-  (it^^  . 

(T  P 

=  \fLC  "  (7) 

=i^  w 

Thus  ^  ^  .  (9) 

2  2 

Now  -  4L-'PC  . . (lO'' 

R^/jtL^C  \ 

IPVfL-K^C/  (‘'•1) 

substituting  in  (l) 

It 

JE  =  e  f-dV? 

*0  . (1:>) 
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DWSRAM  OF  MECHANICAL  ANALOGUE 
OF  RESPIRATORY  SYSTEM 


FIG.  2. 
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IMPEDANCE  OF  ELECTRICAL  ANALOGUE 
OF  RESPIRATORY  SYSTEM.  SINE  WAVE 
APPLIED  AT  INPUT  I  OF  FIG  I. 

FIG.3  - 
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(anal-oouc) 


0-0 


NAOUTM  OiESiBr/2Vs»C«. 


(V)  »^CPgE«a>SCD 

PCSiBTAKice 


RESPONStL  OF  ELECTRICAL  ANALOGUE  TO  SUDDEN 
OPENING  OF  EARTHING  CONNECTION  OF  EXTERN^ 
RESISTANCE  Rc.  CONSTANT  POTENTIAL  APPLIED  TO 
LUNG  GAS  C»  PAPER  SPEED  6  cw/»«c. 

(g) NORMAL  ANALOGUE  SETTINGS 
ip)  MOUTH  RESISTANCE  0  5  K 

(c)  AIRWAY  RESISTANCE  15  K 

(d)  AIRWAY  RESISTANCE  IS  K,  MOUTH  COMPLIANCE  2  yF 

FIG. 4 
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scanned"^  record  of^nterruption 'and  flow" 

PRESSURES  FROM  CLE^/ENTS  ^NT^•RRUPT£R  VALV£. 

5ARC,  INDICATE  Ca)  interruption  AND  FUPW  PHASES  OF 
CVCLE^  Ar0'  >»ORTIOv  OF  EACH  PHASE  IT  IS  INTENDED 

tHAT  TH£  SCA7v;-:;  <r-  v' VJ Ct.  SEE". 


PORTON  TECHNICAL  PAPER  629 


IPt432I 


WESBTE^NCffi  (^fn  MzO/i/»SEC.^ 

DISTRIBUTION  OF  AIRWAY  RESISTANCE  VALUES 
IN  132  SUBJECTS  TESTED  BY  STANDARD 
CLEMEms  ir^ERRUPTER  VALVE  TECHNIQUE 
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UNSPANNED  RECORDS  FROM  CLEMENTS  INTERRUPTER 
VALVE.  TERMINAL  HALF  Co)  OF  MAXIMAL  INSPIRATION. 
AND(b^  MAXIMAL  EXPIRATION. 
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(a)  NORMAL 


ft 

.  . . .  Jo  I 


Cb')  ADDED 
MERTANCE 


(c)  LARYNGEAL  CONSTRICTION 
WITH  INERTANCE 


v\aaa. 


rd')  CHRONIC 
fcRONCHITlS. 


(t)  Cl«ONC  BRONCHITIS 
WITH  INERTANCE. 


UNSCANNEP  RECORDS  FROM  CLEMENTS  INTERRUPTER 
VALVE  TO  ILLUSTRATE  EFFECT  OF  ADDING  AN  EXTERNAL 

iNemANCE  Capped  dead  s>»ce)  in  normal  subjects 

AND  IN  SUBJECTS  WITH  INCREASED  AIRWAY  RESISTANCE 
CCONSTRICTION  OF  GLOTTIS  OR  CHRONIC  BRONCHITIS^ 
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UNSCANNED  RgCORD  FROM  CLEMENTS 
INTERRUPTER  VALVE  CEXPtRATION> SUBJECT 
RELAXED  CHEST  WALL  BETWEEN  POINTS 
INDICATED  BY  ARROWS,  MAINTAINING  EXPIRATION 
EY  ABDOMINAL  MUSCLES. 
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AIRWAY  RESISTANCE  DURING  STEADY 
MAXIMAL  EXPIRATION. 
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DIAGRAM  OF  CLEMENTS  INTERRUPTER  VALV£ 
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